G lioblastoma multiforme (GBM) are aggressive and lethal cancers. About 20,000 Americans each year are diagnosed with GBM. This cancer is almost always fatal within 5 y (2010 Central Brain Tumor Registry; http://www. braintumor.org). These cancers are very invasive, which contributes to their resistance to be cured by surgical resection and directed radiation therapy. Immunotherapy is an attractive approach for the treatment of GBM, because it allows the massive infusion or intracranial placement of ex vivo activated lymphocytes. A variety of cell types (i.e., CTLs, chimeric Ag-receptorredirected T cells [CAR-T cells], lymphokine reactive killer cells, allogeneic mixed lymphocyte reactive T cells, and gd T cells) show very good cytotoxic effector function against glioma cells in vitro (1) (2) (3) (4) (5) (6) (7) (8) . The clinical application of these cells has not improved survival for most patients with GBM, as would be predicted from their respective in vitro cytolytic assays.
The known requirements for initiation of immune responses in the brain are more stringent than those cancers found elsewhere in the body because of the relative isolation from the systemic circulation via the blood-brain barrier (9) , poor expression of HLA Ags on brain cells (10) , and unconventional lymphatic drainage (11) . Local microglial cells can process and present tumorassociated Ags to CTL (12) (13) (14) . These effector lymphocytes then infiltrate the tumor (3) . CTLs fail to generate an effective immune response to the GBM, as evidenced by improved survival. Immunosuppressive cytokines, inhibitory factors, monocyte-derived suppressor cells, T regulatory cells, and other factors limit the immune response via multiple mechanisms that inhibit dendritic cell (DC) maturation, Ag presentation, and T cell activation (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . Therefore, any successful immunotherapeutic approach to GBM must overcome the challenges of access to the tumor, poor immunogenicity of the tumor, and the immunosuppressive effect of GBMderived cytokines.
The physical interaction between cytolytic lymphocytes and glioma-associated ligands was described within one study (32) . We now present evidence that another level of complexity may also contribute to the resistance of gliomas toward lymphocyte-mediated cytotoxicity in vitro. In this study, we used atomic force microscopy (AFM) to investigate the surface topography of glioma cells. Their surfaces are revealed to be quite complex, with numerous microvilli and filopodia being present on their surfaces. These microvilli were observed on three different glioma cell lines: human U251, and rat F98 and T9 glioma cells. The F98 cells possessed short microvilli, whereas those from U251 were longer. The T9 cells displayed wavelike microridges. This cell surface complexity was not observed on mouse CT26 colon cancer cells or human embryonic kidney (HEK) cells, which had comparatively smooth surfaces. Human neurosphere cells derived from a recently isolated GBM surgical specimen also presented pleomorphic microvilli. The glioma microvilli are supported by microfilaments, because a treatment with cytochalasin B, or after cell detachment, caused these projections to recede. When the glioma cells were air-dried, the filopodia or the peripheral stretched-out microvilli revealed segmented sections with triangular, nodelike structures that allowed branching or bends in the microvilli to occur. Glioma cells were transiently depleted of their microvilli to show the immunologic significance of these microvilli. Microvilli-deficient U251 glioma cells were killed better by four different types of human cytolytic effector cells than the same U251 cells expressing the microvilli. The microvilli that penetrated through 0.4-mm pores, found within the transwell membranes, proved resistant to the actions of cytolytic lymphocytes and mechanical damage. These cell surface microstructures found on glioma cells could explain glioma invasiveness, whereas providing an unexpected resistance to lymphocyte-mediated killing.
Materials and Methods

Chemicals
Cytochalasin B was purchased from Sigma Chemical (St. Louis, MO). Wheat germ agglutinin/lectin was a gift from Dr. Brian L. Mundell, BioResearch Products (North Liberty, IA).
Tumor cell lines and cell culture
The rat T9 and F98 cells and human U251 glioma cells have been previously described (33) (34) (35) . All other tumor cells were obtained from the American Tissue Type Collection (Manassas, VA).
Human GBM samples were obtained from a patient undergoing debulking surgery at the University of California Irvine Medical Center (Orange, CA). The patient had signed an informed consent form before surgery. The tissue was kept in ice-cold saline and transported to the laboratory. The tumor was dissected and digested in 0.05% trypsin-EDTA for 30-45 min at 37˚C. This was followed by mechanical dissociation with cold dissociation buffer (DMEM/F12 containing 0.10 mg/ml DNase and 10% serum). After being filtered through a 70-mm cell strainer, the single cells were cultured in DMEM/F12 medium supplemented with 5% bovine serum on collagen-coated (2 mg/cm 2 ) culture plates. The primary adherent glioma culture was expanded, then subjected to nonadherent (1% agar-coated) culture conditions in serum-free DMEM/F12 medium supplemented with epidermal growth factor (20 ng/ml) and basic fibroblast growth factor (10 ng/ml), 1% B27 (Invitrogen, Carlsbad, CA) to select for expansion of neural stemlike cells (NSLCs), with changing of half the medium, twice a week. This procedure produced an NSLC population, with 100% of the cells expressing nestin. These cells will form invasive tumors when 10,000 cells are implanted into the brains of nude mice (Hu and Zhou, unpublished observations) within 6 wk. These neurosphere cells therefore resemble cancer-initiating cells/GBM stem cells.
Atomic force microscopy
Five thousand tumor cells were plated onto sterile gelatin coated coverslips within 24-well plates. The cells were allowed to adhere to the matrix for 16-18 h. Cells were fixed in 1% glutaldehyde for 30 min at 37˚C. The fixative was replaced by PBS and transported to the AFM facility at room temperature. At the AFM facility, the samples were mounted onto a J-piezoscanner of an atomic force microscope (Nanoscope III; Digital Instruments, Santa Barbara, CA) equipped with a fluid cell. The cantilevers with oxide sharpened silicon nitride tips were 100 mm long. The images were collected in tapping height mode at frequencies of ∼9.2 kHz with a scanning frequency of 1 Hz (36) (37) (38) .
Electron microscopy T9 cells were trypsinized and spun down into a pellet within a 15-ml conical centrifuge tube; this process occurred within 4 min. The supernatant was removed, and the cells were fixed at room temperature in 1 ml of a 1% glutaraldehyde-osmium phosphate fixative. The pellet was fixed for 2 d and then transferred with a spatula and embedded in Epon. The sections were cut and stained with uranyl acetate and lead citrate. The cells were visualized using a JEOL-1200EX II transmission electron microscope (Peabody, MA).
Immunofluorescence/confocal microscopy Cells were incubated with complete tissue culture overnight (16-18 h) on sterile cover glasses within 24-well plates. The cells were fixed with 2% paraformaldehyde. Some cells were then stained to detect extracellular proteins with wheat germ agglutinin or with antibodies. Monoclonal anti-human MicA/B Ab and goat anti-perforin was obtained from Santa Cruz Biotech (Santa Cruz, CA), Mouse monoclonal anti-human her2 (c-erbB) were obtained from Lab Vision (Fremont, CA). The slides were then washed three times in PBS. After treatment with secondary fluorescein anti-rabbit Ab or Texas Red anti-goat Ab (Vector Labs, Burlingame, CA), the slides were incubated for 60 min. Finally, the cells were washed three times in PBS and mounted with ProLong Gold antifade reagent (Invitrogen). Samples were imaged using a Nikon two-laser (HeNe and Argon) PCM 2000 Confocal System on an Eclipse E800 Microscope (Melville, NY). The two different fluorescent dyes in the labeled sample were simultaneously acquired through a single illumination and detection pinhole using Compix Simple PCI software, as previously reported (33, 35) . This provided exact pixel-for-pixel registration in both time and space for each dye in each channel. As a result, it can be inferred that the red-emitting and green-emitting probes are colorized when yellow areas are present in the images shown.
Immunofluorescent staining of intracranial gliomas with wheat germ agglutinin
An intracranial T9 glioma growing within an F344 rat's brain was removed from the dead animal. The tumor was located and mounted onto a cryostat. Frozen serial sections were mounted onto microscope slides. The tissue was stained with wheat germ agglutinin for 1 h at room temperature in a humidified box. The tissue was washed, and the anti-wheat germ agglutinin FITC-labeled secondary Ab was incubated for a further 1 h. The tissue was then washed and visualized on the Eclipse fluorescent microscope.
Cytolytic lymphocytes
Lymphokine activated killer cells. After informed consent forms were signed, human PBMCs were collected at Hoag Hospital, and the cells were isolated after a centrifugation using Ficoll-Hypaque. Aliquots were frozen until needed. Frozen PBMCs were thawed in a 37˚C water bath, resuspended in warm AIM-V (Life Technologies, Grand Island, NY) with antibiotics, and centrifuged at 2000 rpm for 5 min at room temperature. The cell pellet was resuspended at 3 3 10 6 cells/ml in AIM-V with antibiotics and supplemented in 3000 U/ml recombinant human IL-2 (rhIL-2; Chiron, Emeryville, CA). The cells were incubated in humidified air at 37˚C in 5% CO 2 for 7 d. On day 5, the cells were counted by trypan blue dye exclusion assay and resuspended in 80% fresh AIM-V at 3 3 10 6 cells/ml plus 3000 U/ml rhIL-2. The cell cultures exhibited typical clustering and phenotype of IL-2-activated lymphocytes, as well as cytolytic activity against NK-sensitive cell lines such as K562. gd T cell cultures. PBMC cultures were initiated at 1 million cells/ml and maintained in 5% CO 2 at 37˚C in RPMI-1640 with 15% autologous serum plus 1 mg zoledronic acid (Novartis Oncology, East Hanover, NJ) plus 50 U/ ml rhIL-2 (Chiron) (7) . Cells were initially cultured 3 ml/well in 6-well plates and transferred to T75 cm 2 flasks. Cultures are maintained for 14 d with addition of 50 U/ml rhIL-2 on postculture days 2, 6, and 10, and addition of complete media as determined by pH (phenol red) and cell density. Flow cytometry for lymphocyte subsets confirmed that the cells were consistently .80% gd T cells. CTLs. PBMCs were collected from an HLA-A2 + donor after informed consent forms were signed at Hoag Hospital. The mononuclear cells were ficolled and then incubated in human GM-CSF (1000 U/ml) and IL-4 (1000 U/ml) in Aim-V (Life Technologies/Invitrogen, San Diego, CA) at 37˚C. The recombinant cytokines were obtained from CellGenix USA (Antioch, IL). In unpublished studies (L. Ge), by reverse transcriptase real-time PCRs, U251 cells made a very high amount of YKL-40 mRNA, and its protein was confirmed by intracellular flow cytometry using the Quidel Corporation's antibodies (San Diego, CA). The YKL-40 201-210 peptide, SIMTYDFHGA, was synthesized by Gen Script Corporation (Piscataway, NJ). The YKL-40 peptide was incubated with the 6-d-old DCs. The immature DCs were stimulated with recombinant human TNF-a, IL-6, and IL-1b (10 ng/ml each). Mature DCs were harvested on day 8, resuspended in AIM-V medium at 10 6 cells/ml with peptide (10 mg/ml), and incubated for 2 h at 37˚C. Populations of CD8 + T cells, autologous to the DC donors, were enriched from PBMCs using magnetic microbeads (Miltenyi Biotech, Auburn, CA). CD8 + T cells (2 3 10 6 /well) were cocultured with peptide-pulsed DCs (2 3 10 5 /well) in 2 ml AIM-V medium supplemented with 5% human AB serum (Invitrogen, San Diego, CA), 10 U/ml rhIL-2 (R&D Systems, Minneapolis, MN), and 10 U/ml rhIL-7 (Cell Sciences, Canton, MA) in each well of 24-well tissue culture plates. On day 15, to increase CTL frequency, we restimulated the lymphocytes with autologous DCs pulsed with peptide in AIM-V medium supplemented with 5% human AB serum (Life Technologies, San Diego, CA), rhIL-2, and rhIL-7 (10 U/ml each). Production of HER2 CAR-T cells. Previously (34) we showed that U251 cells expressed HER2/neu by use of quantitative real-time PCR and by flow cytometry staining, so we used this receptor for a potential target of cytotoxic effector cells that had been genetically engineered to recognize this receptor (8) . 293T cells were cotransfected with an FRP5.CD28.z retroviral vector containing plasmid, Peg-Pam-e plasmid encoding the sequence for Moloney murine leukemia virus gag-pol, and plasmid pMEVSVg containing the sequence for vesicular stomatitis virus G, using GeneJuice transfection reagent (EMD Biosciences, San Diego, CA) to produce retroviral supernatant (8) . Supernatants containing the retrovirus were collected 48 and 72 h later. Vesicular stomatitis virus G pseudotyped viral particles were used to transduce the PG-13 producer cell line for the production of viral particles.
OKT3/CD28 activated T cells were transduced with retroviral vectors as described previously (8) . In brief, PBMCs were isolated by Lymphoprep (Greiner Bio-One, Monroe, NC) gradient centrifugation. 5 3 10
5 PBMCs/ well in a 24-well plate were activated with OKT3 (OrthoBiotech, Raritan, NJ) and CD28 monoclonal antibodies (BD Biosciences, Palo Alto, CA) at a final concentration of 1 mg/ml. On day 2, rhIL-2 (Chiron) was added at a final concentration of 100 U/ml, and on day 3, cells were harvested for retroviral transduction. For transduction, we precoated a nontissue culture-treated 24-well plate with a recombinant fibronectin fragment (FN CH-296; Retronectin; Takara Bio, Madison, WI). Wells were washed with PBS (Sigma, St. Louis, MO) and incubated twice for 30 min with retrovirus. Subsequently, 3 3 10 5 T cells/well were transduced with retrovirus in the presence of 100 U IL-2/ml. After 48-72 h, cells were removed and expanded in the presence of 50-100 U rhIL-2/ml for 10 d before use.
Cytotoxicity assay
The U251 target cells were plated (10,000 cells/well) into the wells of 96-well flat bottom plates overnight to allow them to adhere. A separate aliquot of U251 cells were detached by incubating the cells in a versene buffer for 20 min. The detached cells and the attached U251 cells were labeled with 5-(and 6-)carboxy-29,79-dichlorofluorescein diacetate (Molecular Probes/ Invitrogen, Eugene, OR), according the manufacturer's directions. After three washes, the cells were incubated with the effector cells at either 50:1 or 12:1 effector/target cell ratios in quadruplicate cultures. Triton X-100 (1%)-treated cells served as the maximum release. U251 cells incubated without any effector cells served as the spontaneous release values. After 6 h, the supernatants were collected and analyzed on the Novostar Fluorometer/Luminometer (BMG Labtech, Offenburg, Germany) for fluorescence.
Percentage specific release was calculated as % specific release = (fluorescence experiment 2 fluorescence spontaneous release )/(fluorescence maximum 2 fluorescencespontaneous release ) 3 100. Maximum release was determined by adding in 0.01% Triton X-100.
Data from the cytotoxicity assays were analyzed using a Student t test. Values were considered significantly different at p , 0.05 levels.
Transwell chambers
U251 glioma cells were allowed to adhere to Millipore (PICM01250) transwell chambers (Bedford, MA) for 24 h. The membrane has a pore size of 0.4 mm. The cells were then stained with wheat germ agglutinin in situ.
For cytotoxicity assays, the transwell chamber was: 1) used in standard position, so that the effector cells were in direct contact with the U251 cells; 2) inverted (with the cells attached to the chamber facing down) with the effector cells exposed to the microvilli of the U251 cells; or 3) the inverted chamber was then rubbed with a sterile cotton swab to mechanically damage the microvilli. The assay was allowed to proceed for another 6 h.
Results
Glioma cells display a complex surface topography as revealed by atomic force microscopy U251 cells were initially examined by AFM to visualize either open or closed big potassium ion channels to continue previous studies (33) . AFM utilizes a sharp imaging silicon nitride tip attached to a mechanical cantilever that physically moves over the surface of the cells. This technique allows the topology to be mapped when the cantilever/tip complex is deflected by the cell's exterior surface. One advantage of using AFM is that samples can be immediately visualized without doing any extra tissue processing.
We failed to detect any porelike BK channels on the surface of the glutaldehyde-fixed glioma cells. Instead, U251 cells showed an unexpected complex cell surface morphology that we were unaware as being present on glioma cells. Fig. 1A shows a representative picture of the U251 cell surface. These cells possess numerous microstructures that protrude over the cell surface that the cantilever accesses. These membrane projections were composed of either elevations or ridgelike structures with irregular twists and bends. We estimate the diameters of these raised protuberances to average at 0.4 mm. The lengths of the microridges averaged ∼1.8 mm long. In our prior work using AFM (36-38), we never saw such complex cell surface microstructures on adherent cells such as NIH-3T3 fibroblasts. Human H9 CD4
+ lymphocytes had microvilli, but their lengths were neither as long nor as complex as those displayed by these found on the U251 cells.
We also used two additional glioma cell lines to confirm this basic observation of microvilli on U251 glioma cells. Rat glioma cells, such as F98 (Fig. 1B) and T9, also known as 9L (Fig. 1C) glioma, verified that these projections were similar to that displayed by the human U251 glioma. F98 gliomas displayed a morphology that resembled the U251 cells, except these cells had slightly shorter microvilli; the lengths averaged ∼1.2 mm, with diameters of 0.3-0.4 mm. F98 cells had fewer microridges. Rat T9 glioma cells are slightly larger cells (20-mm diameters) than are U251 and F98 glioma cells (10 mm). The T9 cells instead of having individual microvilli appeared to possess microridges that randomly crisscrossed the cell surface. These structures also had irregular bends and turns. The diameters of these ridges were estimated to be between 0.4 and 0.5 mm.
The T9 glioma cells when viewed under a transmission electron microscope confirmed that these elevated structures were present. Fig. 1D is a cross section of T9 cells, which provides a better prospective of these microvilli. Here there are multiple microvilli extruding from T9 cells. The longest microvillus present within this micrograph was 2.8 mm long and possessed a diameter of 23 nm. We interpret the microridges seen in the AFM as long microvilli that have toppled over, either as a result of gravity or when the cantilever passed over the microvilli. Some microvilli contain branched segments.
We also imaged the cell surface of freshly isolated human GBM NSLCs to determine whether cancer-initiating cells/"stem cells" display a similar phenotype. These stemlike cells were cultured in vitro for 5 months after isolation from the patient. These cells when surgically implanted intracranially into nude mice did produce an invasive phenotype (Y. Hu and Y.H. Zhou, unpublished observations). Fig. 1E shows that a GBM neurosphere cell does display a complex microvilli-like structure as well. These microvilli have shorter microvilli than those displayed by the U251 cells. These microvilli and microridges appear more heterogeneous and pleomorphic. In general, these freshly isolated GBM cells have microvilli and microridges as those showed in the established glioma cell lines.
Confocal immunofluorescence microscopy confirms that microvilli are present on glioma cells Adherent U251 cells were stained with wheat germ agglutinin, which detects external glycoproteins (O-linked N-acetylglucosaminyl residues). Confocal microscopy was used to detect the focused fluorescence of the glycoproteins found at various heights of the cells. Fig. 2A shows a composite picture of different planes of the staining taken from the level of bottom of the U251 cell, where it is attached to coverslip at 24.9 mm (exposure 64, bottom right) to the very top of the cell at 2 mm (exposure 41, top left). At the top of the cell (2 mm), distinct foci of staining are seen. As the confocal focus descends downward toward the corpus of the cell, those foci (2-0.4 mm) become larger and more of them appear. We interpret the first staining to be seen are those microvilli located above the nucleus. Around the plane of the cell, another set of stains are seen above (20.4 to 23.1 mm), then along the edge of the cells (23.1 to 24.9 mm), where the microvilli assume a more filopodia-like morphology. These data confirm that the microvilli and filopodia are found at different three-dimensional levels of the cell.
We also made use of this wheat germ agglutinin staining to measure the height profiles of these microvilli by quantitating the fluorescence along the z-axis. The length (x-axis) and width (yaxis) of another U251 cell is shown in Fig. 2B . The height (z-axis) demonstrates distinct fluorescent elements are above the main body of the cell. These data confirm that the glioma possesses irregular projections above the cellular corpus. A video movie provided in Supplemental Video 1 provides a better viewing of this three-dimensional image; it shows the complex nature of these microvilli over the entire cell as the cell is rotated.
Microvilli-like structures appear within in situ intracranial T9 gliomas T9 glioma cells were surgically implanted into an F344 rat's brain. When the tumor growth was obvious, the intracranial tumor was removed and frozen sections were cut. The sections were stained with wheat germ agglutinin. Fig. 3 shows a representative view of the glioma-normal tissue interface. The glioma cells stained heavily with the wheat germ agglutinin, whereas the normal brain tissue was only lightly stained. Within the glioma at areas that display large extracellular spaces, signs of microvilli-like structures were observed (see the circular areas on right side) where the gliomas reside. A similar area of extracellular space within the normal brain did not appear to possess any microvilli-like structures.
CT26 colon cancer cells and HEK cells do not possess microvilli
In contrast, mouse CT26 colon cancer cells (Fig. 4A ) or HEK cells (Fig. 4B ) display relatively flat surfaces devoid of any membrane elevations. The CT26 cell surface appeared to be composed of flattened plates with some elevated folds of the membrane. These plates ranged in size from 2.5 to 5 mm. In general, the majority of the membrane displayed a rather smooth surface and was free of raised microvilli that the gliomas clearly possessed. HEK cells showed a more traditional smooth area of the cell. Some elevations composed of smaller and more squarelike spikes were found at the periphery of the cell, but these spikes were distinct from those of the glioma.
Dried cells reveal a complex internal structure of the microvilli U251 cells were allowed to air-dry and then imaged using AFM. Fig. 5A shows that the dried glioma possesses a rough surface. Be-FIGURE 1. AFM of glioma cells. Glioma cells were attached to glass coverslips overnight. The next morning, the cells were fixed in 1% glutaldehyde, replaced in PBS for transport to the facility, and then imagined. A, Representative human U251 glioma cell. B, Rat F98 glioma cell. C, Rat T9 cell. D, T9 cells that were prepared for transmission electron microscopy (original magnification 32500). Arrows show some of the longer microvilli. E, Freshly isolated human GBM NSLC cultured in epidermal growth factor, basic fibroblast growth factor, and B27 media, and established as neurospheres. The neurosphere cells were detached by a brief trypsinization and allowed to adhere onto a poly-D-lysine-coated coverslip for 1 h. The cells were fixed in 1% glutaldehyde and imaged.
cause most of the water is lost from air-dried cells, the entire cell is flattened and is now accessible to the AFM's cantilever along the edges of the cells. Long filopodia appear at the periphery of the cells in stringlike structures. These filopodia are presumed to be those microvilli that were located at the periphery of the cells at the time of air-drying. These projections stretch out and contain triangular nodelike structures. A higher power analysis of another cell (Fig.  5B) shows that these nodelike structures have an irregular repeating spacing ranging from 0.8 to 6.1 mm. These data suggest that these filopodia, and microvilli, possess some previously unknown compartmentalization within these microvillous structures.
The microvilli collapse after cytochalasin B treatment
From the electron microscopy, it appeared that the microvilli contained microfilaments. We next identified whether these glioma superstructures could collapse by depolymerization of microfilaments using cytochalasin B. T9 cells were incubated with 5 mM cytochalasin B for 30 min to disrupt the cytoskeleton. Fig. 6 shows that the microvilli and microridges previously seen to be present on T9 cells have now collapsed and the surface of these cells is now smoothed out. We conclude that these microvilli contain a cytoskeleton composed of microfilaments.
Detached U251 cells lacking the microvilli are more sensitive to cell-mediated killing than are microvilli expressing attached U251 cells
These microvilli could theoretically provide a physical barrier between the glioma's cell body and any possible effector lymphocyte. We performed experiments where Ag nonspecific effector lymphocytes, such as lymphokine activated killer (LAK) cells and gd T cells (7), together with Ag-specific CTL and T cells engineered to possess a CAR toward the her2/neu receptor (8), could kill microvilli expressing U251 cells (Fig. 7) . LAK (Fig. 7A ) and gd T cells (Fig. 7B) can bind to receptors such as ULBP1, ULBP2, ULBP3, MicA, and MicB found on gliomas (39) . Because the CAR-T cells possess the ligand for the her2/neu receptor (Fig. 7C) , allowing cell-to-cell tethering, these effector cells can specifically recognize the functional cytokine receptor and form a synapse providing the cross-linking that allows T cell-mediated killing to begin. CTLs recognize MHC class I molecules possessing the correct antigenic peptide (YKL-40 in the context of HLA-A2; Fig. 7D) . Thus, at least three different ligand/receptor synapses were examined in these experiments. All types of effector cells were prevented from optimally killing the glioma cells when the microvilli were present in standard 6-hr cytolytic assays, although it appears that the LAK and gd T cells are inhibited slightly better by the microvilli. At the greater E:T ratios, 50:1, killing is seen with all the target cells (nonadherent and adherent U251 cells). All cytolytic lymphocytes killed the nonadherent U251 cells significantly better (p , 0.05) than the microvillipositive adherent U251 cells. Thus, these microvilli-containing cells possess a natural resistance toward various types of Ag nonspecific or Ag-specific cytolytic lymphocytes.
Receptors for the cytolytic effector cells are detected on the microvilli of the glioma
The results of the previous experiment suggested two possibilities whereby the microvilli prevent the cytolytic lymphocytes from killing their intended target cell. First, the microvilli are deficient in the ligands or receptors that prevent immunologic synapses from forming with the effector lymphocytes. Here these microvilli function as simple physical barriers and prevent immunologic synapses from forming. The second possibility is that the microvilli have the correct ligands that killer lymphocytes can bind, but afterward cytolysis cannot be sustained. We stained intact U251 cells for the presence of receptors that gd T cells can recognize (MicA/B), CTLs (HLA-A2), and retargeted CAR-T cells (her2/neu) to determine whether the first possibility was valid. Fig. 8A shows that the adherent U251 cells were dually stained with wheat germ agglutinin (green) to detect cell surface proteins together with the mAb directed toward her2/neu (red) and then visualized under fluorescent confocal microscopy. Cells present a yellow color where colocalization is occurring. Yellow staining was seen on the long filopodia and microvilli. There were also some areas of the glioma cell that are relatively devoid of microvilli. These microvilli-deficient regions are adjacent to the lamellipodia. At the lamellipodia there are bright areas where increased areas of her2/neu are detected.
We saw similar staining for MicA/B and HLA-A2 on the microvilli on the U251 cells (data not shown). From this evidence, the microvilli do, indeed, possess the ligands with which lymphocytic effector cells can form effective immunologic synapses.
Perforin from cytolytic effector cells incorporates into the U-251 glioma's microvilli/filopodia
We next studied whether the cytolytic lymphocytes could initiate the cytolytic process on the glioma's microvilli. All the cytolytic effector cells that we used (LAK, gd T cells, CTLs, and CAR-T cells) use perforin and other effector molecules (i.e., granzymes, cytolysins) to kill their intended targets. We used perforin staining (red) with wheat germ agglutinin (green) to show that the microvilli were capable of accepting the pore-forming perforin molecules. CAR-T cells were incubated with the U251 cells for 60 min. Fig. 8B shows that perforin staining can be detected to the microvilli/filopodia where the T cell made contact with a filopodia. A three-dimensional rotational movie is provided in Supplemental Video 2, which shows the colocalization of the perforin with the microvilli, when five lymphocytes are interacting with the U251 cell. Immunofluorescent microscopy shows that perforin was incorporated into the glioma cell's filopodia/microvilli between the effector and target at the synapse.
Microvilli penetrate through transwell chamber's pores
Because the her2/neu receptor is present on the microvilli (Fig. 9) , we used the CAR-T cells as the effector lymphocytes for an additional experiment. The previous experiment suggested that the microvilli might provide a natural resistance whereby the glioma is protected from the actions of cytolytic effector cells. U251 cells were allowed to adhere to the upper chamber of transwell chamber for 24 h. When the glioma cells attached themselves to the membrane of a transwell chamber, we observed that microvilli passed through the 0.4-mm pores on the basolateral side and poked through on the opposite side of the membrane (Fig. 9A2) . Viewing the side of the transwell chamber did show that microvilli were extending into space (data not shown). Under these conditions, the corpus of the glioma cell did not transverse these pores. This observation permitted us the opportunity to prove that these exposed microvilli resist cell-mediated cytotoxicity. After glioma cell attachment to the upper membrane of the transwell chamber occurred, we flipped the chamber upside down (Fig. 9B) . This procedure allowed only the microvilli to be exposed to the lymphocytes. Fig. 9C shows that when the detached (non-attach) U251 glioma cells contacted with the CAR-T cells, excellent killing (74%) in a standard CTL assay was seen at a 50:1 E/T ratio. Simultaneously, lymphocytes that interacted with the microvilli expressing adherent U251 cells (attach) in situ on the normally positioned transwell chamber were killed to a lesser degree (37%). This confirmed our data from Fig. 7C . Those U251 cells that were exposed only by their microvilli (at their basolateral side) to the CAR-T cells were not significantly killed (5-8%). As a further control, we mechanically damaged the U251 microvilli (scraped) by rubbing the surface of the transwell chamber with a cotton swab to mechanically shear the microvilli. These physically damaged cells also were not killed. Thus, the glioma cells' microvilli possess a natural resistance to damage imposed by either cytolytic effector cells or mechanical damage.
Discussion
AFM allows the cell surface topography of cells to be visualized with minimal postfixative manipulation. Some artifacts are seen with this technology, because the cell surface is still flexible when the cantilever runs over the membranes. This technique can be used with living cells. When glutaldehyde-fixed glioma cells were imaged, AFM revealed a complex surface topography of glioma cells with numerous extracellular projections present on three different glioma cell lines (U251, F98, T9 in Fig. 1A-D) and one freshly isolated GBM NSLC (Fig. 1E ), but not on CT26 colon cancer (Fig.  4A ) or HEK cells (Fig. 4B) . Transmission electron microscopy of T9 glial cells (Fig. 1D) confirmed that microvilli were present. Immunofluorescent confocal microscopy using wheat germ agglutinin (Figs. 2 and 8A) , which binds to external cell surface glycoproteins, independently confirmed the presence of microvilli/ filopodia. These microvilli collapsed after a brief treatment with cytochalasin B (Fig. 6 ), indicating that these membrane projections are microfilament based. On air-drying of the glioma cells, the peripheral filopodia contained triangular, nodelike structures (Fig.  5B) , suggesting that there is some compartmentalization within these filopodia/microvilli. We suspect these nodal structures also produce the bends and kinks observed by AFM within the microvilli (Fig. 1) .
We also saw what appeared to be microvilli within in situ intracranial gliomas (Fig. 3) . When the microvilli were present, they were usually associated with cells adjacent to extracellular spaces. We did not see any microvilli within the normal brain tissue. Similar microvilli-like structures were observed within in situ human glioma using electron microscopy in Arismendi-Morillo and Castellano-Ramirez's article (Fig. 4 , top right corner, in Ref. 40) .
Microvilli/filopodia on glioma cells have been known for over 30 y, but their function or significance was never explained. Collins and colleagues (41) showed with transmission electron microscopy that at the very leading edges of membrane ruffling/lamellipodia, there were microstructures they termed either microspikes or microvilli. They also reported that the different glioma cell lines showed distinct morphologies. We examined three established glioma cell lines together with GBM NSLCs, and we saw a similar variability (long, short, and intermediate microvilli). Collins et al. also showed those triangular, nodal-like structures (Fig. 13 in Ref. 41 ) on the peripheral filopodia. Using scanning electron microscopy, this same group (42), together with Spence and Coates (43) and Machado et al. (44) , saw similar microvilli, microridges, and filopodia on a variety of gliomas.
Hook and colleagues (32) showed by a variety of techniques (scanning electron microscopy, transmission electron microscopy, and phase-contrast microscopy), the fine details by which human LAK cells kill human SNB-92 glioma cells. This group also noted microvilli on the glioma cells. When these glioma cells were cultured within the supernatants derived from human MLRs, more microvilli on the gliomas developed. This group did not recognize that the attached cells were killed less well than the nonattached cells that were devoid of microvilli. Attached U251 cells resisted the cytolytic actions of human LAKs, conventional CTLs, CAR-T cells, or gd T cells (Fig. 9 ) better than the recently detached U251 cells (which lost their microvilli). We speculate these microvilli play a role in their resistance to immune cell-mediated killing. When cancer immunologists currently do cytolytic assays with various effector cells, the adherent cancer cells including glioma cells are trypsinized or physically detached to facilitate labeling and subsequent washings of the cells with either Cr 51 or fluorescent dyes. Once the lymphoid effectors are placed into the wells, the detached, labeled target cells, now deficit in microvilli expression, are added to the effectors. The cultures are then coincubated between 4 and 8 h. During this time, good contact is now made between the effector cells and the nonmicrovilli-positive glioma cells, allowing optimal immunologic synapses to form (Fig. 10) . We postulate that normal adherent cells with intact, fully formed microvilli may interfere with this cytolytic process. Thus, this basic in vitro experimental design may be overestimating the true killing efficiency of the effector cells with the nonadherent target cells. When these ex vivo effector cells are reinfused in vivo, the glioma cells can be in their native state and are displaying microvilli, when there is available extracellular space. The tumor cells are also hiding behind various normal host stromal cells. Glioma cells are also invading the brain's parenchyma by using their microvilli to probe for openings or weak junctions between the normal cells. Once an opening is found, the glioma cell can now begin the transmigration process. Arismendi-Morillo and Castellano-Ramirez (Fig. 4 , top, in Ref. 40 ) seem to show a microvilli penetrating between two adjacent cells. This is probably the spot where the killer lymphocytes will also first contact the tumor cell, because the lymphocyte is also penetrating toward the glioma. Thus, the lymphocytes may be discharging their perforin/cytotoxins into the invading microvilli of the glioma cells, which are resistant to cytolysis or mechanical damage (Fig. 9C) , because of the compartmentalization of the microvilli (Fig. 5B) .
The possibility does exist that there could be other mechanisms by which adherent gliomas resist the actions of the cytolytic effector cells via the microvilli. The expression of HLA-E and HLA-G is found on human gliomas (15, 45) . These molecules are capable of binding killer Ig-like receptors on T cells, NK cells, and some gd T cells (46) , and inhibit the cytolytic process. We failed to find any significant amounts of HLA-E and HLA-G expression on U251 cells (Ge, Howat, and Natividad, unpublished data). So the ability of HLA-E or HLA-G to mediate this suppression seems unlikely. Perforin is related to complement component 9 (C99) (47) . Another possibility is that gliomas possess molecules that possess membrane-bound complement regulatory proteins that could inhibit the membrane attack complex that C99 and perforin require to form the pores that subsequently kill the target cell (48) . By flow cytometry, U251 do strongly express CD46, but only minimally express CD55 and CD59 (data not shown). Work is currently in progress to determine whether CD46 can be found on the glioma microvilli.
These triangular nodes could be internal structures that allow some compartmentalization of the microvilli to occur. So if a break occurs within the invading microvilli, the cell does not die. If functional perforin pores form within the microvilli, then these nodelike structures provide a fail-safe that limits damage. We saw that when the only microvilli were exposed to cytolytic lymphocytes or physical damage, the glioma cells survived (Fig. 9C) . Thus, cytolytic effector cells must contact regions of the cell body that are devoid of microvilli to successfully kill their target cells. When high effector/target ratios are used in vitro, some lymphocytes eventually contact those microvilli-deficient regions and kill the glioma cell. Our micrographs (Fig. 8A, Supplemental Video 1 ) do show that some small regions of the glioma cells' main body are devoid of microvilli and are still accessible to the cytolytic lymphocytes. Thus, to improve immunotherapy against GBM, we must devise strategies to defeat this natural defense provided by the gliomas' microvilli against the lymphocyte effectors. If successful therapies can be designed against these microvilli, one added benefit is that it may also target the ability of glioma cells to invade neighboring cells.
Our observation that microvilli are on attached glioma cells and are absent on nonattached glioma cells can help explain a certain empirical phenomenon seen in glioma biology. When glioma patients eventually die, sometimes their organs are donated and transplanted into recipients who need replacement organs. Occasionally, these organs possess metastatic gliomas and these secondary tumors reappear, because the organ recipients are immunosuppressed to prevent organ rejection. This is a fairly rare event, but it does occur (49, 50) . The mostly likely scenario is that the glioma cells gained access to the organ via a circulating glioma cell. If this occurs, these glioma cells would be nonattached cells that we predict do not express microvilli. Therefore, these cells could be sensitive to the actions of cytolytic effector cells (CTL, NK, gdT cells, etc). Thus, these effector cells may contribute the rarity of this effect by killing the circulating glioma cells when they are most vulnerable.
Similar looking structures known as "microtentacles" have been described on breast cancer cells (51, 52) . Microtentacles appear on detached breast cancer cells. It is speculated that microtentacles play a role in attaching themselves to endothelial cells as they circulate through the blood or lymph. Microtentacles are supported by an a-tubulin-based cytoskeleton; some of these microtentacles can possess t (53). Our microvilli are shorter (1-3 mm) than the microtentacles (estimated up to 10-15 mm long). The microvilli are supported by a microfilament cytoskeleton, as opposed to the microtubules within the microtentacles. The microvilli appear when glioma cells are adherent, whereas the microtentacles form when breast cancer cells are detached. Whether these microtentacles also resist the actions of cytolytic lymphocytes remains an important, open question. This scenario could FIGURE 9 . A, U251 cells attaching to the transwell membrane. A1, Negative control without any green stain; (A2) staining with wheat germ lectin (green) that shows discrete foci of the microvilli poking through the pores on the basolateral side of the cell. Original magnification 340. B, The technique used is shown. U251 cells were allowed to adhere to the upper chamber of the transwell chamber for 24 h. Afterward, some transwell chambers were inverted so that the CAR-T lymphocytes (LC) (directed toward Her2) could interact with the microvilli that poked through the pores. C, Results of a cytolytic response by CAR-Her2 T cells. All samples were done in triplicate cultures. The CAR-T cells at a 50:1 ratio against nonattached U251 (red bar) are killed quite well. The CAR-T cells still can kill the attached U251 (orange bar) maintained where the lymphocytes and target cells are. Using the inverted side of the membrane (basolateral), where the lymphocytes can bind only to the U251, no killing is seen. Finally, those inverted U251 cells that were scraped by a cotton swab also failed to show any killing. The cytotoxicity assay was allowed to precede 6 h. The last four values are statistically different (p , 0.05) from release of the lymphocytes toward the attached U251 cells. explain in a reverse manner why metastatic breast cancers are not readily killed by the immune system, when theoretically these individual breast cancer cells should be at their most vulnerable stage to cell-mediated lymphocytes.
The microvilli we observe on gliomas could have several roles such as increasing the cell's surface area, whereas also playing a role in invasiveness. Microvilli/microridges can increase cell surface area of the cell. Hence cell surface cytokine receptors commonly found on glioma cells (34) , such as HER2/neu, EphA2, IL-13 receptor a2 (IL13Ra2), epidermal growth factor receptor and its third variant (EGFRvIII), and platelet-derived growth factor receptors could be expressed on these microvilli. We found that the HER2/neu receptors are present throughout the cell surface including on the microvilli and filopodia (Fig. 8A) . Various growth factors do bind to extracellular matrix, so when physical wounds occur, these growth factors are released and help stimulate wound repair by fibroblasts. These growth factor receptorenriched microvilli could help drive the glioma cell into seeking out the growth factors needed for continued stimulation. Gliomas are invasive, which undoubtedly leads to their difficulty at being treated by surgery and radiation. Hence these microvilli expressing growth factor receptors can explain this invasive nature by searching for weak spots between nontumor cells to find endogenous growth factors. Ransom and Sontheimer (54) have postulated that the leading edges of glioma cell uses the various ion channels (K + , Na + , and Cl 2 ) to penetrate and migrate through normal brain parenchymal cells by a series of swellings and contractions by these ion channels. Finally, the presence of these microvilli and microridges helps explain why glioma cells were so difficult for us to successfully patch-clamp for the presence of functional BK ion channels in previous studies. When we patch-clamped the U251 (33) or T9 cells (35) to detect functional BK channels, we were frequently frustrated by the lack of successful membrane seals by the glass capillary. This complex topography provides a simple explanation. For a successful patch-clamp to be properly placed, the membrane must form a tight seal between the opening of the glass capillary and the membrane. These microvilli simply prevent the good seals with the membrane to occur. Previous experience in one of our laboratories (55) with HEK cells showed that these cells were extremely easy to patch-clamp. These cells possess relatively flat surfaces (Fig. 4B ) that allowed good seals to occur with the membrane. Hence one way to improve patch-clamping of glioma cells is to first eliminate the microvilli with cytochalasin B (Fig. 6 ) treatment. Therefore, this observation may facilitate others who are trying to demonstrate functional ion channels on glioma cells.
In summary, we show that four different rat and human glioma cell types possess a complex surface topography with many microvilli and microridges present. When the cells were treated with cytochalasin B or became detached, these cells lost their microvilli. U251 glioma cells devoid of microvilli were more sensitive to cytolysis by four different types of human effector lymphocytes. U251 cells that were allowed to grow on transwell chambers had microvilli that penetrated the transwell pores and came out of the basolateral side. These basolateral-sided microvilli proved to be quite resistant to either cytolytic lymphocytes or mechanical damage. The significance of these structures could be quite important in explaining several aspects of glioma cell biology, and methods to disrupt these microvilli could improve immunotherapy involving cytolytic lymphocytes, as well as inhibiting glioma invasiveness.
